To determine the influence of eye pigmentation on transscleral retinal delivery of celecoxib. METHODS. Melanin content in ocular tissues of both the strains was determined by sodium hydroxide solubilization method. The affinity of celecoxib to synthetic and natural melanin was estimated by co-incubating celecoxib and melanin in isotonic phosphate-buffered saline. The binding affinity (k) and the maximum binding (r max ) for celecoxib to both natural and synthetic melanin were estimated. Suspension of celecoxib (3 mg/rat) was injected periocularly into one eye of SpragueDawley (SD, albino) and Brown Norway (BN, pigmented) rats. The animals were euthanatized at the end of 0.25, 0.5, 1, 2, 3, 4, 8, or 12 hours after the drug was administered, and celecoxib levels in ocular tissues (sclera, choroid-RPE, retina, vitreous, lens, and cornea) were estimated with an HPLC assay. In addition, celecoxib-poly(lactide) microparticles (750 g drug/ rat) were administered periocularly in SD and BN rats, and celecoxib levels in these eye tissues were assessed on day 8, to determine the effectiveness of the sustained release system. RESULTS. The r max and k for celecoxib's binding to natural melanin were (3.92 Ϯ 0.06) ϫ 10 Ϫ7 moles/mg of melanin and (0.08 Ϯ 0.01) ϫ 10 6 M Ϫ1 , respectively. The affinity and the extent of celecoxib's binding to natural melanin were not significantly different from those observed with synthetic melanin. The concentrations of melanin in choroid-RPE, sclera, and retina of BN rats were 200 Ϯ 30, 12 Ϯ 4, and 3 Ϯ 0.2 g/mg tissue, respectively. Melanin was not detectable in the vitreous, lens, and cornea of BN rats. In SD rats, melanin was not detected in all tissues assessed except in the choroid-RPE, wherein melanin-like activity was 100-fold less than in BN rats. The area under the curve (AUC) for tissue concentration versus time profiles for animals administered with celecoxib suspension was not significantly different between the two strains for sclera, cornea, and lens. However, the retinal (P ϭ 0.001) and vitreal (P ϭ 0.001) AUCs of celecoxib in the treated eyes were approximately 1.5-fold higher in SD rats than in BN rats. Further, the choroid-RPE AUC in the treated and untreated eyes, respectively, were 1.5-fold (P ϭ 0.001) and 2-fold (P ϭ 0.0001) higher in BN rats than in SD rats. With celecoxib-poly(lactide) microparticles, choroid-RPE, retina, and vitreous concentrations on day 8 exhibited similar trends in differences between the two strains, with the differences being greater than those recorded for the celecoxib suspension. CONCLUSIONS. Transscleral retinal and vitreal drug delivery of lipophilic celecoxib is significantly lower in pigmented rats than in albino rats. This difference may be attributable to significant binding of celecoxib to melanin and its accumulation/retention in the melanin-rich choroid-RPE of pigmented rats. The hindrance of retinal and vitreal drug delivery by the choroid-RPE in pigmented rats is also true of sustained-release microparticle systems. (Invest Ophthalmol Vis Sci. 2008;49: 333-341)
higher in BN rats than in SD rats. With celecoxib-poly(lactide) microparticles, choroid-RPE, retina, and vitreous concentrations on day 8 exhibited similar trends in differences between the two strains, with the differences being greater than those recorded for the celecoxib suspension. CONCLUSIONS. Transscleral retinal and vitreal drug delivery of lipophilic celecoxib is significantly lower in pigmented rats than in albino rats. This difference may be attributable to significant binding of celecoxib to melanin and its accumulation/retention in the melanin-rich choroid-RPE of pigmented rats. The hindrance of retinal and vitreal drug delivery by the choroid-RPE in pigmented rats is also true of sustained-release microparticle systems. (Invest Ophthalmol Vis Sci. 2008;49: 333-341) DOI:10.1167/iovs.07-0214 L ocalized or regional therapy is an important alternative to systemic therapy for the use of drugs with low therapeutic index, significant systemic side effects on chronic use, or poor target tissue delivery. Such localized drug delivery is of value in treatment of age-related macular degeneration (ARMD) and potentially, diabetic retinopathy. 1, 2 Eye drops, intravitreous injections, and periocular injections are some examples of localized drug delivery approaches for the eye. Among these drug delivery routes, eye drops are the most convenient, but less than a 1-millionth fraction of the dose reaches the retina. 3 Intravitreous injections and implants can deliver effective amounts of drug to the retina, but pose the risk of retinal damage and ocular infections. 4 Recent publications regarding the high-permeability characteristics of the sclera have indicated the potential of periocular modes of administration such as subconjunctival, subtenon, peribulbar, and retrobulbar injections for delivering drugs to the posterior segment by the transscleral route. 2, 5, 6 Periocular administration, routinely used in the clinic for inducing anesthesia during surgery, are considered safer than intravitreous injections. Investigations by our group as well as others have shown that the transscleral mode can be used for sustaining drug concentrations in the posterior segment of the eye for small molecules, such as celecoxib, 7, 8 budesonide, 9 and carboplatin, 10 as well as large molecules such as intercellular adhesion molecule (ICAM)-1.
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In a recent study of bovine eye tissues, we demonstrated that the choroid-Bruch's layer underlying the sclera can hinder solute transport significantly, with the reduction in permeability being higher for lipophilic solutes such as celecoxib (a selective cyclooxygenase-2 inhibitor) than for hydrophilic solutes such as mannitol. 12 This reduction in transport correlates with the binding of solutes to the choroid-Bruch's layer. Similar reduction in transport was also observed in the porcine eye tissues. Because we used pigmented bovine and porcine eyes, a reason for the rate-limiting nature of the choroid-Bruch's layer for lipophilic drugs was hypothesized to be the binding of solutes such as celecoxib to the melanin-rich pigmented choroid layer. Indeed, with increasing lipophilicity, solutes exhibit greater potential for binding to melanin pigment. 13 Although the effect of eye pigmentation on ocular pharmacokinetics and ocular toxicity has long been a topic of interest, 13 the effect of drug binding to pigment or pigmented tissues on the pharmacokinetics of transscleral delivery has yet From The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
to be investigated. In this study, we investigated the effect of pigmentation on the transscleral delivery of celecoxib, a drug effective in alleviating the biochemical changes associated with diabetic retinopathy in a rat model. 7, 8 Celecoxib delivery via the transscleral route results in concentrations 56-fold higher in the retina when delivered via systemic administration. 14 However, the previous studies were performed in a nonpigmented, albino strain of rats (Sprague-Dawley). Binding of celecoxib to melanin pigment-rich tissues may hinder its transscleral delivery across the pigmented choroid and RPE layers underlying the sclera. Therefore, we investigated the effects of eye pigmentation on transscleral delivery of celecoxib to the retina and vitreous after periocular administration. In our study, we assessed a plain as well as a sustained-release microparticle formulation of celecoxib.
MATERIALS AND METHODS

Chemicals
Celecoxib was purchased from Chempacific (Baltimore, MD). Sodium salt of carboxymethyl cellulose (CMC; catalog no. C5678; viscosity: 50 -200 cps for 4% wt/vol aqueous solution at 25°C), natural melanin (Sepia officinalis), synthetic melanin, budesonide, and HPLC grade methylene chloride, glacial acetic acid, and acetonitrile were purchased from Sigma-Aldrich (St. Louis, MO). Pentobarbital sodium was purchased from Fort Dodge Animal Health (Fort Dodge, IA). Poly(Llactide) (PLA) with intrinsic viscosity of 1.1 dL/g was obtained from Birmingham Polymers, Inc. (Birmingham, AL).
Celecoxib-Melanin Binding Studies
The following procedure was used to determine the binding affinity of celecoxib to synthetic and natural melanin. Ten milligrams of melanin was placed in glass tubes and incubated for 16 hours with 5 mL of isotonic phosphate-buffered saline (pH 7.4). The concentration of celecoxib ranged from 200 ng/mL to 2 g/mL. After incubation, the samples were centrifuged at 35,000g for 15 minutes in a high-speed ultracentrifuge (Model IEC CRU-5000; Thermo Electron Corp., Waltham, MA) to separate the melanin granules. 15 The supernatant was withdrawn, filtered using a particulate matter filter (PMF; Ishikawa Inc., Japan) and analyzed by HPLC, as described later. Each celecoxib concentration was tested in triplicate. The binding of the drugs was analyzed by assuming that the binding is analogous to the adsorption of a drug on a solid, according to the type I Langmuir isotherm. From the concentration of celecoxib in the supernatant, the amount of free drug in solution was estimated. For plain celecoxib studies in BN rats, drug levels were assessed in the sclera, choroid-RPE, retina, vitreous, lens, cornea, and plasma. In SD rats, the drug levels were assessed in choroid-RPE. The albino rat (SD) data in all other tissues except the choroid-RPE were obtained from a study by Ayalasomayajula and Kompella. 14 The dose, formulation, and weight range of rats used in the present study for plain celecoxib are the same as those in the earlier study with SD rats. For celecoxib-PLA microparticle studies, drug levels were estimated in the ocular tissues in both SD and BN rats. In all studies, drug levels in the dosed ipsilateral eye as well as the untreated contralateral eye were estimated.
Estimation of Melanin from SD and BN Rat Ocular Tissues
The total amount of ocular melanin was measured using the sodium hydroxide solubilization method. 16 Immediately after killing the rats with an overdose of pentobarbital sodium (250 mg/kg), the eyes were enucleated and dissected at the limbus region. Sclera, choroid-RPE, cornea, lens, and vitreous were removed. The tissues were placed in tubes (Eppendorf, Fremont, CA) containing 100 L of 1 M NaOH (pH 12) and 10 L of dimethyl sulfoxide (DMSO) and boiled for 30 minutes to solubilize rat melanin. Samples were brought up to 500 L with distilled water and neutralized using diluted acetic acid. Immediately after melanin solubilization, the absorbance of the samples was measured at 475 nm against the blank solubilization buffer. The melanin content was quantified using synthetic melanin standards processed with a method similar to that used for the tissue samples.
Periocular Administration
Influence of Eye Pigmentation on Plain Celecoxib Disposition. Celecoxib was suspended (60 mg/mL) in 0.5% wt/vol of CMC in phosphate-buffered saline (pH 7.4). The periocular administration of celecoxib suspension was performed as described in our previous studies. [7] [8] [9] 14 Briefly, the rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (40 mg/kg), and 50 L of drug suspension was administered into the posterior subconjunctival space of one eye (ipsilateral) with a 27-gauge needle. During this procedure, the needle was placed in the posterior subconjunctival space and further advanced. At the end of the injection, a bleb was visible at the site of administration. The other eye (contralateral) served as the control. The animals were allowed to recover from anesthesia, and water and food were provided ad libitum until euthanatization. The animals were euthanatized with pentobarbital sodium (250 mg/kg, IP) at 0.25, 0.5, 1, 2, 3, 4, 8, and 12 hours after administration. The blood was collected immediately after euthanatization by cardiac puncture, and the eyes were enucleated and frozen in a mixture of ethanol and dry ice and stored at Ϫ80°C until analysis. The ocular tissues including the sclera, choroid-RPE, retina, vitreous, lens, and cornea were isolated for the estimation of celecoxib by HPLC.
14 Influence of Eye Pigmentation on Celecoxib Delivery from a Sustained Release System. Formulation of Celecoxib-PLA Microparticles. Polymeric celecoxib microparticles were formulated by a solvent-evaporation method. 9 Briefly, celecoxib and PLA were dissolved in 1 mL dichloromethane, and this solution was added to 10 mL of an aqueous PVA (2% wt/vol) solution. The resultant mixture was sonicated for 0.5 minute at 6 W and for 2 minutes at 3 W with a probe sonicator (Misonix Inc., Farmingdale, NY), to obtain an oil-in-water (O/W) emulsion. The O/W emulsion was immediately added drop-wise to 125 mL of an aqueous PVA (2% wt/vol) solution. The contents were stirred overnight at room temperature to evaporate methylene chloride, allowing the formation of a turbid particulate suspension. The microparticles were separated by centrifugation (1000g for 30 minutes). The microparticle pellet was washed two times, resuspended in deionized water, and freeze dried to obtain lyophilized particles. The celecoxib-PLA microparticles prepared were sterilized by ␥-irradiation by a previously reported method. 7 Drug Loading Measurement. Drug loading and loading efficiency of celecoxib in PLA microparticles was determined by extracting and quantifying celecoxib. 8 Briefly, celecoxib was extracted from 2-mg microparticles into 2 mL of methylene chloride, and the extract was dried under nitrogen. The dried preparation was reconstituted with 1 mL of HPLC mobile phase and centrifuged at 12,000g for 5 minutes. Celecoxib was analyzed by injecting 100 L of the supernatant onto HPLC. The loading efficiency was estimated as (amount of celecoxib entrapped ϫ 100)/(initial amount of celecoxib).
In Vitro Drug Release. The in vitro release of celecoxib from the PLA particles was performed at 37°C by using dialysis membrane bags (molecular weight cutoff: 10,000; Spectrum Laboratories, Gardenia, CA), as described earlier. 7 Briefly, a 0.5-mL suspension of either plain celecoxib (20 g) or celecoxib-PLA microparticles containing 20 g of celecoxib was taken into dialysis membrane bags, and the units were allowed to float in 50 mL of release medium. Phosphate-buffered saline (PBS; pH 7.4) containing 0.025% sodium azide as a preservative was used as the release medium. At discrete time intervals, 1 mL of the release medium was removed and replaced with fresh release medium. The released celecoxib was analyzed by HPLC.
In Vivo Study. To determine the influence of pigmentation on sustained delivery of celecoxib, microparticles of celecoxib were injected subconjunctivally in SD and BN rats, according to procedures described earlier. 7 Briefly, 50 L of sterile suspension of celecoxib-PLA microparticles (equivalent to 750 g celecoxib) was injected into the posterior subconjunctival space of one eye (ipsilateral) with a 27-gauge needle. The animals were euthanatized on day 8, and the ipsilateral and contralateral eyes were enucleated. The ocular tissues including sclera, choroid-RPE, retina, vitreous, lens, and cornea were isolated for the estimation of celecoxib by HPLC.
HPLC Analysis. Plasma and ocular tissue celecoxib levels were estimated as described previously.
14 Briefly, the isolated ocular tissues were homogenized with 200 L of PBS buffer and a tissue tearer (Biospec Products, Racine, WI). To 200 L of plasma or tissue homogenate, 5 L of 40 g/mL of budesonide was added as an internal standard and mixed thoroughly. Methylene chloride (2 mL) was added to the contents and mixed thoroughly for 15 minutes with a vortex mixer (Scientific Industries, Inc., Bohemia, NY). The organic layer was separated, the extract was evaporated (N-evap; Organomation, Berlin, MA), and the dried drug extract was reconstituted in 200 L of mobile phase and centrifuged for 10 minutes at 12,000g, and 100 L of the supernatant was injected onto an HPLC system that included a pump (model 616), a controller (model 600 S), an autoinjector (model 717 plus), and a PDA detector (model 996; all from Waters, Milford, MA) set at a range of 190 -400 nm. The drugs were separated with a 25-cm long C-18 column (Discovery column; Supelco, Emeryville, CA) with a particle diameter of 5 m and a pore size of 100 Å. The mobile phase for the assay consisted of acetonitrile and aqueous buffer mixture (70:30 vol/vol). The buffer was 0.1% acetic acid in water adjusted to pH 3. The drugs were monitored at 250 nm, and drug peaks were integrated (Millennium software, ver. 2.0; Millennium Software, Torrance, CA). The retention times for celecoxib and budesonide were 7.1 and 5.2 minutes, respectively. The limit of detection of celecoxib was 1 ng in the lens and 0.5 ng in the sclera, choroid-RPE, retina, vitreous, lens, and cornea. For drug loading assessment in microparticles, the drug extract reconstituted in mobile phase was injected directly onto the HPLC column. For celecoxib analysis after in vitro release studies, aqueous samples collected were directly injected onto the HPLC column.
Pharmacokinetic Parameter Estimation
The plasma and ocular tissue concentration-time profiles of celecoxib were analyzed by noncompartmental analysis (NCA; Winonlin, ver. 1.5; Scientific Consulting Inc., Cary, NC) for animals injected with celecoxib suspension. A model (200; Scientific Consulting, Inc.) with extravascular input was selected for the NCA, and the samples were weighted uniformly. The area under the plasma concentration-time curve (AUC 0-ϱ ) was calculated by the log linear trapezoidal method in which the area from the last concentration point t last (nanograms per milliliter for plasma or micrograms per gram for ocular tissues) to infinity was calculated as C last /K, where C last was the concentration at T last and K (hour Ϫ1 ) was the rate constant calculated from the terminal phase. The terminal phase rate constant was obtained using data from 3 to 12 hours. The units for AUC are nanograms ⅐ (hour per milliliter) and micrograms ⅐ (hours per gram) for plasma and ocular tissues, respectively. In each tissue, the maximum concentration observed (C max ) and the time at which C max occurred (t max ) were determined. Also, the apparent volume of distribution (V d /F), apparent clearance (Cl/F), and terminal half-life (t [1/2] ) were estimated. F indicates fraction absorbed. For comparison of pharmacokinetic parameters between the pigmented and nonpigmented animals, four random NCAs were performed on the SD and BN rat data (n ϭ 4 for each time point), and the derived parameters were compared, as described in the Statistical Analysis section. The percentage of local drug delivery was determined as described previously.
14 For animals injected with celecoxib-PLA microparticles, tissue concentrations (micrograms per gram) on day 8 were quantified and reported.
Statistical Analysis
Data are expressed as the mean Ϯ SD. The statistical comparisons between the tissues of pigmented and nonpigmented rats were performed with the nonparametric Mann-Whitney test. Comparison of melanin distribution in various tissues and AUC and drug concentration comparisons between different tissues were performed with an ANOVA followed by the Tukey post hoc analysis. Differences were considered significant at P Ͻ 0.05.
RESULTS
Binding Affinity of Celecoxib to Synthetic and Natural Melanins
The maximum number of moles of drug bound per milligram of melanin (r max ) and binding affinity (k) values are summarized in Table 1 . As can be seen from the data, there was significant binding of celecoxib to melanin. Further, the r max and k for celecoxib binding to melanin did not significantly differ between the natural and synthetic melanin.
Melanin Concentration in Ocular Tissues
The concentration of melanin in the ocular tissues of the SD and BN rat strains is shown in Figure 1 . The concentration of melanin (micrograms per milligram of tissue) in choroid-RPE of BN rats was significantly higher than in that of the SD rats (200 Ϯ 30 vs. 2 Ϯ 0.05 g/mg; P ϭ 0.001). Melanin was below detection limits in the vitreous, lens, and cornea in both strains and in sclera and retina as well for SD rats. Melanin levels in the sclera and retina of BN rats were 12 Ϯ 4 and 3 Ϯ 0.2 g/g, respectively.
Plasma Pharmacokinetics of Celecoxib
The plasma pharmacokinetic profile of celecoxib after periocular administration of celecoxib to BN and SD rats at a dose of 3 mg/rat are shown in Table 2 . The plasma AUCs showed no significant differences between the SD (2911 Ϯ 358 ng ⅐ h/mL) and BN (3124 Ϯ 435 ng ⅐ h/mL) rats. Also, no significant differences were seen with the other pharmacokinetic param- The data are expressed as the mean Ϯ SD (n ϭ 3). Table 2 .
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Ocular Tissue Pharmacokinetics of Plain Celecoxib in BN versus SD Rats
The ocular tissue concentration-time profiles after plain celecoxib administration are shown in Figure 2 and the pharmacokinetic parameters are summarized in Table 3 . As evident in Figure 2 , the concentration profiles in all tissues exhibited an increase followed by a decrease, consistent with drug entry and elimination from the tissues. Further, the peak concentrations in all tissues were much higher in the drug-recipient ipsilateral eyes than in the untreated, contralateral eyes in the BN rats, similar to findings in the SD rats (P ϭ 0.0001). The tissue AUCs are compared between the BN and SD rats in both the ipsilateral and contralateral eyes in Figure 3 . The celecoxib AUC 0-ϱ in the sclera, cornea, and lens between the BN and SD rats were not significantly different, either in the ipsilateral or in the contralateral eye. The celecoxib AUC for ipsilateral choroid-RPE, a pigmented tissue, showed a significant difference between albino and pigmented rats, with the pigmented rat choroid-RPE AUC (367.12 Ϯ 66.06 g ⅐ h/g) being ϳ1.45-fold higher (P ϭ 0.001) compared with albino rat choroid-RPE (252.27 Ϯ 34.58). The AUCs in the ipsilateral albino rat retina (670.94 Ϯ 103.68) and vitreous (368.40 Ϯ 52.14) were approximately 1.4-fold (P ϭ 0.001) and 1.6-fold (P ϭ 0.001) higher than in the ipsilateral pigmented rat retina (476.82 Ϯ 87.77) and vitreous (232.94 Ϯ 27.11). In the contralateral eyes, the choroid-RPE celecoxib AUC was twofold higher in the pigmented rats (P ϭ 0.0001) than in the albino rats. Corresponding retinal (P ϭ 0.04) and vitreous (P ϭ 0.04) AUCs in the pigmented rats were approximately 1.5-fold lower than in the albino rats.
Percentage of Local Drug Delivery
In both strains, the percentage of local drug delivery to the treated eye tissues was Ͼ97% in all tissues except choroid-RPE and was remarkably similar between BN and SD rats (Table 4 ). In the choroid-RPE, the percentage of local transscleral drug delivery was 88.3% and 89.6% in BN and SD rats, respectively.
Celecoxib-PLA Microparticle Studies
Particle Size and Drug Loading. The mean size of celecoxib-PLA particles measured using dynamic light scattering was 2.21 Ϯ 0.02 m. The celecoxib loading in the microparticles was 20.12 Ϯ 0.23 wt/wt%, with a loading efficiency of 62.34% Ϯ 2.31%.
In Vitro Drug Release. The celecoxib microparticles released the drug in a biphasic manner with an initial burst release of 44% at the end of 1 day followed by a steady release of celecoxib over the next 21 days (Fig. 4) . The release rate of celecoxib beyond the burst phase was approximately 0.75%/d. As reported previously, 7 plain celecoxib suspension released 100% of the drug in 7 days with a release rate of ϳ13.5%/d.
Drug Delivery from Microparticles in BN versus SD Rats. The pigmented rat ocular tissues had significantly higher celecoxib levels than did the albino rat ocular tissues (Fig. 5) . Celecoxib concentration in the ipsilateral pigmented choroid-RPE (361.77 Ϯ 119.34 g/g tissue) was approximately fivefold higher (P ϭ 0.0001) than in the albino choroid-RPE (20.55 Ϯ 4.82 g/g tissue). Concentration of celecoxib in ipsilateral pigmented retina (7.83 Ϯ 2.62 g/g tissue) and vitreous (1.97 Ϯ 0.42 g/g tissue) were approximately 7.5-fold (P ϭ 0.0001) and 5.5-fold (P ϭ 0.0001) lower than in the albino rat retina (58.61Ϯ 4.93 g/g tissue) and vitreous (10.84 Ϯ 3.88 g/g tissue).
In the contralateral eyes, the celecoxib concentration in the choroid-RPE was approximately 3.5-fold higher (P ϭ 0.0001) in the pigmented rat than in the albino rat. Corresponding retinal and vitreous concentration were found to be significantly lower (P ϭ 0.0001) in pigmented rats than in the albino rats. Celecoxib levels in contralateral cornea and lens were below the limit of quantitation in both the albino and pigmented rats. Celecoxib levels in contralateral albino rat sclera were below the quantitation limit; however, celecoxib was measurable in the contralateral sclera (1.71 Ϯ 0.46 g/g tissue) of the pigmented rat.
DISCUSSION
This is the first report to demonstrate differences in transscleral drug delivery to the retina based on differences in eye pigmentation. Specifically, we report different levels of tissue pigmentation in SD (albino) and BN (pigmented) rats, binding of celecoxib to synthetic and natural melanins, greater accumulation of celecoxib in pigmented choroid-RPE, and reduced transscleral delivery of celecoxib to the vitreous and retina in pigmented rats compared with albino rats, after periocular administration of plain celecoxib as well as in a sustainedrelease microparticle system.
For the first time, we quantitatively demonstrated differences in the melanin levels in various layers of the eye including the choroid-RPE, retina, and sclera between BN and SD rats. As expected, the pigment levels were higher in the BN rats than in the SD rats, wherein the levels were negligible. More important, the order of abundance of the pigment in the various layers of the BN rat eyes was choroid-RPE Ͼ Ͼ sclera Ͼ retina (Fig. 1) , with the levels being negligible in other tissues assessed. If transsclerally beneficial retina drugs such as celecoxib have an affinity for ocular melanin, it can be anticipated that the melanin in the choroid-RPE will bind and accumulate these drugs. In the present study, synthetic as well as natural melanin was used in measuring celecoxib-melanin binding. At the molecular level, basic building blocks of synthetic melanin as well as natural black/brown melanin are 5,6-dihydroxyindole and 5,6-dihydroxy-indole-2-carboxylic acid. 17 Natural melanin obtained from cuttlefish (Sepia officinalis) is more complex, in that different batches of natural melanin might vary in the relative ratio of these two building blocks, unlike synthetic melanin. Synthetic melanin was used in this study as a reference compound that is likely to be the same in composition from batch to batch. Our results indicated significant binding of celecoxib to melanin, with the binding affinity being 0.08 ϫ 10 6 M Ϫ1 . This affinity of celecoxib is greater than that reported for timolol 18 and norfloxacin, 19 but lower than that reported for chloroquine. 19 Celecoxib is an aromatic, lipophilic (log D ϭ 3.12), 12 neutral molecule (pKa of 9.68; SciFinder Scholar; www.cas.org/ provided in the public domain by the Chemical Abstract Service of the American Chermical Society, Columbus, OH) at physiological pH. Melanin is a polyanionic biopolymer. 20 Melanin interacts with drugs primarily through electrostatic and hydrophobic interactions. 15 In a comprehensive review, Leblanc et al. 13 concluded that lipophilic drugs with a pKa Ͼ 7 are likely to bind to melanin. Thus, celecoxib probably binds to melanin through hydrophobic interactions. 13 Among the sclera, choroid, and RPE, the pigment melanin is mainly located in the choroid. It is likely that melanin concentrations in the choroid are the highest in the body. 10 Melanin granules are also present in the RPE. Since we measured melanin levels in the choroid and RPE in combination, we cannot distinguish the relative contribution of these tissues to melanin content. If there is significant binding of drug to the melanin and the choroid-RPE, the choroid-RPE levels are expected to be higher in pigmented rats compared with nonpigmented rats. Our results confirmed this hypothesis for celecoxib (Figs. 2, 3,  5 ). The results with plain celecoxib showed the AUC to be significantly lower in the retina and the vitreous of the ipsilateral eye in the pigmented rats compared with the nonpigmented ones (Fig. 3) , suggesting that the extent of local transscleral delivery is reduced by eye pigmentation. Another noteworthy observation with choroid-RPE tissue is that unlike other tissues, it exhibited a substantial difference in apparent t [1/2] between SD and BN rats ( Table 3 ). The drug levels in choroid-RPE declineed less rapidly in the BN rats than in the SD rats, possibly due to the depot nature of pigmented tissue.
To compare the relative delivery of celecoxib between pigmented and albino rats, we estimated the BN-to-SD ratio of tissue AUCs (celecoxib suspension study) or concentrations on day 8 (celecoxib-PLA particle study). A ratio of 1 showed that drug distribution was the same in a given tissue between the two strains of rats. A ratio higher than 1 showed there is greater accumulation or delivery in BN rat. If the ratio is less than 1, the 
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delivery is lower in the BN rat. As shown in Figure 6 , BN-to-SD rat tissue ratios were the highest in choroid-RPE among all the tissues and the lowest in the retina and vitreous. The BN-to-SD celecoxib delivery ratio in choroid-RPE was the highest in the microparticle group, probably because the pigment was not saturated with the drug released from a slow-release system. More prolonged studies with higher doses may provide insights into transscleral drug delivery to the retina and vitreous once the pigment in the choroid-RPE is saturated with the drug. It is noteworthy that depending on the solute physicochemical properties, some drugs such as chloroquine can be retained in the uveal area, even after 1 year. 21 Greater reduction in the BN-to-SD ratio for retinal and vitreal levels after periocular injection of celecoxib-PLA microparticles (Fig. 6 ) further highlights the limitation imposed by pigmentation in transscleral drug delivery. The BN-to-SD ratio for celecoxib AUCs in the plain celecoxib study were close to 1 for cornea, lens, and sclera, consistent with low or no melanin content in these tissues. In the celecoxib-PLA particle study that terminated on day 8 as opposed to 12 hours for the celecoxib study, a BN-to-SD ratio Ͼ1 in ipsilateral sclera and detectable levels of drug in contralateral BN sclera, but not in contralateral SD sclera indicate slow and progressive binding of celecoxib to the pigment in the sclera. A similar situation may be present in the choroid-RPE also, since the microparticle group shows a greater BN-to-SD ratio than in the celecoxib group. However, this speculation needs further validation in future studies.
Drug accumulation in pigmented ocular tissues followed by a reduction in their target tissue availability and efficacy is well documented for some drugs after topical administration. 22 For instance, Acheampong et al. 23 have shown that after topical or systemic administration of 14 C-brimonidine, a higher amount of drug is retained and clears more slowly in pigmented ocular tissues across various species (monkey, rat, and rabbit) than in nonpigmented tissues. In another study, Acheampong et al. 24 have observed that the iris-ciliary body of pigmented rabbits (5317 Ϯ 409 g-eq ⅐ [min/g]) accumulates 10 times the amount of 14 C-brimonidine as that in albino rabbits (524 Ϯ 409 g-eq ⅐ [min/g]) after topical application of 14 C-brimonidine solution. The accumulation of 14 C-brimonidine in pigmented iris-ciliary body in turn reduced the drug availability to the aqueous humor of pigmented rabbits twofold. There is a considerable debate as to what would be the clinical effects of drug binding to melanin and the binding to melanin of such drugs as chloroquine has been shown to cause toxicity. 25 One of our earlier studies indicated that sustained exposure of retina to celecoxib for 2 months does not result in retinal toxicity. 7 In contralateral eye tissues such as the sclera and retina, we observed drug levels greater than those in the plasma. Although direct solute transfer from treated eye to the contralateral eye has been speculated to take place in rabbits, 26 thus explaining the high drug levels in the contralateral eyes, there is no evidence of eye-to-eye transfer of solutes in rat models. However, such a possibility cannot be ruled out. We believe that the systemic pathway is likely to be the major contributor to drug levels in the contralateral eye, because the peak contralateral vitreous levels in the SD rats for instance (0.53 g/g) are not significantly different from C max in plasma (0.425 g/ mL), and these levels are 219-fold lower than the ipsilateral vitreous levels (116 g/g). Further, the AUC in the contralateral vitreous is lower than the plasma AUC in both SD and BN rats (Tables 2, 4 ). For drug delivery to the contralateral eye, melanin-rich tissues of pigmented animals are expected to accumulate melanin-binding drugs. Consistent with this, we observed 200% greater delivery to the contralateral choroid-RPE in BN rats compared with SD rats (Fig. 3) .
Celecoxib is delivered mostly (98%-99%) via local, transscleral pathways to the retina and the vitreous after periocular administration in SD rats.
14 As per our findings in the present study, in the case of pigmented BN rats also the local transscleral delivery accounts for ϳ98% of retinal delivery and 99% of vitreous delivery (Table 4) . Because of such overwhelming an contribution of the local route to ipsilateral eye drug levels, no differences in the percentage of local delivery were discernible between the SD and BN rats. Local delivery would involve diffusion/transport through the sclera, choroid, and RPE to reach the neutral retina. For the first time in this study, we estimated the percentage of local delivery to the choroid-RPE tissue after transscleral delivery in both SD and BN rats. The estimated percentage of local delivery to choroid-RPE in SD and BN rats was 90% and 88%, respectively.
After periocular administration, there is significant drug delivery to the anterior segment tissues, particularly the cornea. 2, 27 The corneal AUCs in this study are comparable to the scleral AUCs on a per gram basis. The corneal levels after periocular administration could be due to a leak back along the needle tract from the site of injection, diffusion across conjunctiva into tear fluid, or the presence of a direct penetration pathway from the subconjunctival space into the aqueous The tissue AUC 0-ϱ (g ⅐ h/g tissue) data are expressed as the mean Ϯ SD for n ϭ 4. The AUCs in all the tissues of SD rats except the choroid-RPE were taken from Pharmaceutical Research, 21, 2004, 1797-1804, Retinal delivery of celecoxib is several-fold higher following subconjunctival administration compared to systemic administration, Ayalasomayajula SP and Kompella UB, © Springer with permission of Springer Science and Business Media.
* Tissue AUC in the treated, ipsilateral eye is significantly greater than that in the untreated, contralateral eye in both the SD and BN rats (P ϭ 0.0001).
† % Local delivery was estimated as [(AUC 0-ϱ (Ipsi) Ϫ AUC 0-ϱ (Contra) ) ϫ 100]/AUC 0-ϱ (Ipsi) . ‡ P ϭ 0.001, § P ϭ 0.0001, and P ϭ 0.04 compared with corresponding tissues in BN rats. humor. 28 -31 Higher aqueous levels are achieved for many drugs after subconjunctival administration, 32, 33 and the levels are higher for some compared with topical dosing. 31, 34 In addition, detectable levels of macromolecules are found in the aqueous humor after subconjunctival administration. 35 Similar ipsilateral corneal drug levels observed in the two strains in this study along with the absence of melanin in the cornea is consistent with melanin binding as a differentiating factor for tissue levels of celecoxib. In our drug administration procedure, the needle is inserted in the posterior subconjunctival space and advanced farther before injection. At the end of the injection, a clear bleb formed that dissipated in approximately 1 hour. The dissipation of the bleb may be due in part to fluid loss along the tract of the needle. Such a leak from the site of injection has also been suggested by others. 36 -38 It is conceivable that a leak from the injection site contributes in part to the tear film drug levels and subsequently to corneal drug levels as well.
The plasma AUC as well as other pharmacokinetics did not differ between the SD and BN rats after periocular injection of celecoxib (Table 2) . Thus, the observed differences in the treated-eye drug levels between these two strains cannot be attributed to differences in plasma levels or pharmacokinetics, confirming a role for local factors such as tissue pigmentation in the observed differences in choroid-RPE, retina, and vitreous levels.
Because of the small size of the rat eye tissues and the low quantities of drugs to be analyzed, we quantified drug levels in each eye tissue in its entirety. For this reason, we have not reported tissue drug levels on the treated and untreated sides for understanding the uneven or nonhomogeneous spatial drug distribution that was reported previously for target tissues such as retina and choroid after periocular administration. It is important to note, however, that previous studies have clearly shown that the drug concentration adjacent to the site of injection in a tissue (e.g., choroid or retina) is significantly higher than the distal site from the same tissue after periocular injection. 11, 39 In summary, the choroidal, retinal, and vitreal drug levels after transscleral delivery of celecoxib differ between the pigmented and nonpigmented animals. Celecoxib is retained in the choroid-RPE of pigmented rats, leading to reduced retinal and vitreous delivery. There is significant binding of celecoxib to melanin in vitro and binding to melanin rich choroid-RPE is a possible explanation for the observed differences. A sustained-release system does not overcome this limitation, and such a system might actually reduce relative delivery to the retina compared to the choroid-RPE due to drug exposure to choroid-RPE at low, nonsaturating concentrations. Thus, pigment binding is an important determinant of retinal drug levels after transscleral modes of delivery and must be taken into consideration when developing drugs for delivery via this route. The findings of this study are clinically relevant since choroid-RPE in brown eyes has significantly more melanin than that in blue eyes and because melanin content is also higher in more intensely colored brown or blue eyes than in less intensely colored eyes. 40 The influence of differences in tissue drug levels between pigmented and nonpigmented rat strains on therapeutic effectiveness has yet to be determined. 6. Ratio of ocular tissue AUCs (for celecoxib suspension) or tissue concentrations (for celecoxib-PLA particles) between pigmented (BN) and albino (SD) rats. Data are presented as the ratio of the mean AUCs or concentrations for n ϭ 4. In the celecoxib-PLA microparticle group, drug levels were not detected in the contralateral sclera, lens, and cornea in albino SD rats and in the contralateral lens and cornea of BN rats. Therefore, the BN-to-SD rat tissue ratio was not provided for these contralateral tissues.
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